In humans, recognition of a stop codon by protein release factor eRF1 leads to release of the nascent peptide from the ribosome. Although efficient eRF1 activity is usually desirable, numerous pathologies result from eRF1 recognition of premature stop mutations in essential genes. In these cases, decreased eRF1 activity could increase readthrough of the premature stop codon, thereby making full-length protein. To broaden the means available to beneficially decrease eRF1 activity, we have targeted eRF1 mRNA using siRNAs and antisense oligonucleotides. We show that both eRF1-targeted siRNA and antisense oligonucleotides decrease eRF1 mRNA and eRF1 protein concentrations, and increase UAG readthrough in cultured human cells.
INTRODUCTION
Although termination codons are only about 4.7% of all codons, mutations that lead to premature termination usually have a noteworthy phenotype. Typically, the resulting truncated protein is nonfunctional, leading to insufficiency and in some cases to disease. Therefore, of the numerous human clinical conditions caused by point mutations, about 20% result from a premature termination codon in the open reading frame of an otherwise normal mRNA Krawczak et al. 1998) . In principle, reducing the efficiency of translation termination could reduce disease pathology by allowing readthrough past the premature stop codon, leading to the production of a low level of functional protein.
In eukaryotes, stop codons are decoded on the ribosome by eukaryotic release factors eRF1 and eRF3 (Frolova et al. 1994; Stansfield et al. 1995; Zhouravleva et al. 1995) . eRF1 is the sequence-specific element, recognizing all three stop codons and stimulating hydrolysis of the peptide-tRNA bond. eRF3 assists eRF1 function in a GTP-dependent manner (Zavialov et al. 2001; Kisselev et al. 2003) . Because eRF1 is the sole release factor to decode all stop codons, its activity is critical for translation termination. As would be predicted, in yeast, eRF1 levels have been shown to directly correlate with termination efficiency. Depletion of eRF1 protein decreases termination efficiency (Stansfield et al. 1996) , and overexpression of eRF1 increases termination efficiency (Le ). Thus high eRF1 activity prevents readthrough of premature stop codons, reducing erroneous insertion of an amino acid.
Previous techniques directed at increasing translational readthrough of premature stop codons targeted either the ribosome or eRF1. These approaches include the use of suppressor tRNAs, aminoglycosides, and eRF1-binding RNAs. Suppressor tRNAs, complexed with translation elongation factors, compete with eRF1 for stop codon recognition by virtue of an anticodon loop complementary to a particular stop codon (Murgola 1995) . Suppressor tRNAs promote incorporation of an amino acid at a stop codon, and have been shown to induce readthrough in vivo (Buvoli et al. 2000) . Aminoglycosides have also been used to induce readthrough of premature stop codons as a particular application of their general ability to decrease the fidelity of translation (Stansfield et al. 1998) . The loss of fidelity leads to global mistranslation, and many codons are misread during translation. Among the misread codons are UAA, UAG, and UGA, which are mistranslated by a noncognate amino acid-tRNA. Although aminoglycosides can be quite effective in inducing readthrough (Barton-Davis et al. 1999; Keeling et al. 2001; Keeling and Bedwell 2002) , the induction of errors throughout translation complicates this approach. Nevertheless, aminoglycosides are being tested in clinical trials to treat diseases caused by premature stop codons (Wagner et al. 2001) . Another approach to promote readthrough uses eRF1-binding RNAs, called aptamers, which have been shown to inhibit eRF1 function and affect suppression during translation in vitro (Carnes et al. 2000) . The efficacy of these eRF1 aptamers, however, has not yet been demonstrated in living cells.
In all three approaches that induce readthrough, eRF1 competes with the desired activity. Decreasing cellular levels of eRF1 therefore seemed an alternative and complementary approach to elevate readthrough of a stop codon in human cells. To test this procedure, we designed siRNAs and antisense oligonucleotides that targeted eRF1 mRNA. Both techniques specify mRNA for degradation by sequence complementarity (Agrawal and Zhao 1998; Elbashir et al. 2001; Nishikura 2001) . In this work, we demonstrate that transfection with these two types of oligonucleotides decreases eRF1 mRNA concentration, causes eRF1 protein to decline, and increases readthrough of a premature stop codon in human cells in culture.
RESULTS AND DISCUSSION

Both siRNAs and antisense oligonucleotides promote readthrough of a stop codon in mammalian cells
Three siRNAs and four antisense oligonucleotides targeting sequences predicted to be accessible in the human eRF1 mRNA were synthesized to determine if decreased eRF1 protein could promote stop codon readthrough (Fig. 1) . To assay readthrough in cells, we stably transfected human embryonic kidney (HEK) 293 cells with the pAC-TMV readthrough reporter plasmid (Stahl et al. 1995) to create cell line Q24. Q24 cells express a transcriptional fusion of ␤-galactosidase to luciferase with these sequences separated by a leaky viral UAG stop codon. Although ␤-galactosidase protein is constitutively produced from this construct (and therefore serves as an internal control), production of luciferase protein requires readthrough of a stop codon within a sequence from Tobacco Mosaic Virus (TMV; Skuzeski et al. 1991) . Ratios of luciferase activity to ␤-galactosidase activity (proportional to readthrough) are shown in Figure 2A for siRNA treatment and Figure 2B for antisense treatment. Both si1187 and as792 significantly increased readthrough of the UAG stop codon in comparison to their respective negative controls, buffer alone and noncomplementary (NC) oligonucleotide. The ability of these oligonucleotides to increase readthrough supports the idea that targeting eRF1 mRNA holds potential as a therapeutic strategy.
Although both si36 and as1295 also increased the amount of reported readthrough compared to their respective negative controls, the extent was less dramatic, close to twofold above background. This result suggests that oligonucleotides that target different sites in the same mRNA have varying effectiveness. Indeed, oligonucleotides si90, as351, or as851 had no significant effect on readthrough levels.
Effect of siRNAs and antisense oligonucleotides on eRF1 mRNA concentration
To determine if the observed increase in readthrough was due to the predicted reduction in eRF1, we measured the levels of eRF1 mRNA in siRNA-and antisense-treated cells. Quantitative PCR analysis indicated that eRF1 mRNA concentration was decreased by both siRNA and antisense treatments with respect to negative controls (Fig. 3) . A similar decrease in eRF1 mRNA after treatment with siRNAs was independently confirmed by RNase protection (data not shown). As expected, the oligonucleotides that produced the most significant increase in readthrough (si1187 and as792) were also very effective in decreasing eRF1 mRNA levels. In fact, all of the oligonucleotides complementary to eRF1 decreased eRF1 mRNA to some extent. Surprisingly, some oligonucleotides that effectively decreased eRF1 mRNA had little or no effect in the readthrough assay (Fig. 2) . For example, although as792 and as1295 decreased eRF1 mRNA similarly, as792 was clearly more effective in the readthrough assay. A possible explanation is that some oligonucleotides not only affect eRF1 mRNA degradation, but also alter eRF1 mRNA translation. Certain peptide nucleic acid (PNA) antisense oligonucleotides can inhibit translation elongation on target mRNAs (Dias et al. 2002) . Transfection with as792 might impede eRF1 mRNA translation in addition to promoting eRF1 mRNA degradation, whereas as1295 may not slow overall translation significantly. In any case, measuring translational readthrough is a more direct assay for eRF1 activity than measuring eRF1 mRNA concentration, and is a more apt criterion for comparing different suppression strategies. 
Effect of siRNAs and antisense oligonucleotides on eRF1 protein concentration
To determine if siRNAs and antisense oligonucleotides decrease eRF1 protein concentration as expected, samples from transfected Q24 cells were analyzed by Western blotting. The amount of eRF1 in equivalent cell lysates after treatment with siRNAs or antisense is shown in Figure 4A and B, respectively. Quantitation of the Western blots was less reproducible from experiment to experiment than either eRF1 mRNA or readthrough assays. We have presented quantitation of eRF1 relative to ␤-tubulin, normalized to the ratio in control cells. The normalized decrease in eRF1 observed on Western blots is moderate. However, comparing these data with eRF1 mRNA and readthrough assays, the same oligonucleotides clearly tend to be effective.
Experimental variability could explain the sometimes inexact correlation between decreased eRF1 levels and increased measured readthrough levels. However, there is a general relation between mRNA and protein decreases, and, notably, treatment with the most effective oligonucleotides si1187 or as792 led to the largest decrease in eRF1 protein.
Accordingly, these experiments demonstrate a new route to suppression of a stop codon in human cells, via eRF1 mRNA levels. Because eRF1-targeted oligonucleotides reduce the amount of eRF1 mRNA and consequently the protein present in the cell, their use potentially complements other strategies to decrease termination at premature stop codons. In addition, because eRF1 decodes all three stop codons, the siRNA-and antisense-mediated readthrough observed at a UAG stop codon should also occur at UAA and UGA stop codons (Drugeon et al. 1997 ).
The effects of stop codon context may well alter the degree to which readthrough is observed at other stop codons (Martin 1994; Cassan and Rousset 2001) . Experiments with both suppressor tRNAs and aminoglycosides indicate that bases surrounding a stop codon significantly influence readthrough (Martin et al. 1993; Howard et al. 2000) . Stop codon context could also potentially prevent effective readthrough at authentic stop codons when the concentration of eRF1 is decreased, thereby minimizing possible toxic effects. Western blots probed for ␤-tubulin did not reveal any larger molecular weight band. Readthrough of the ␤-tubulin natural stop TAA would add ∼40 amino acids to the protein, an addition that would have been detectable. Therefore, readthrough of this authentic stop codon was probably infrequent.
The extension of this work to expression of siRNAs in vivo holds potential as a therapeutic treatment for human pathologies tracing to premature stop codons. Recent development of methods to express siRNAs in mammalian tissue culture (Brummelkamp et al. 2002; Lee et al. 2002; Miyagishi & Taira 2002; Paul et al. 2002; Yu et al. 2002) obviate the need for expensive chemical synthesis of siRNA oligonucleotides. A significant step toward realizing the potential of siRNAs as therapeutics is the report of their application in mammals. Transfection of siRNAs in vivo has successfully downregulated gene expression in mice, with expression of a chimeric Hepatitis C virus NS5B protein fused to luciferase reduced by 75% (McCaffrey et al. 2002 ). An inherent barrier to such therapeutic approaches in humans remains the difficulties in delivery to target cells in vivo. In addition, although siRNA-mediated inhibition can persist for many cell divisions in tissue culture (Elbashir et al. 2001) , the duration of siRNA-mediated effect in vivo remains undetermined. Experiments that address these issues of delivery and persistence in cells may manifest new possibilities for treatment of diseases caused by premature stop codons. We have now shown that, given delivery and persistence, therapeutic oligonucleotide suppression could rely on aptamers (Carnes et al. 2000) , antisense sequences or RNA interference (this work), or perhaps a more effective combination thereof.
MATERIALS AND METHODS
Stable cell line
Human embryonic kidney 293 cells were cotransfected with a 10Ϻ1 molar ratio of pAC-TMV (Stahl et al. 1995) plasmid to pQBI-25 (Quantum Biotechnologies) plasmid. Clones were selected in DMEM (Invitrogen) containing 2 mM L-glutamine (Invitrogen), 10% calf serum (HyClone), and 200 µg/mL G418 (Mediatech). Clones were screened for ␤-galactosidase activity, and positive clones were subsequently tested for luciferase activity. A clone designated as Q24 was subsequently used to test the effectiveness of the various oligonucleotides.
siRNA and AS oligonucleotide sequences
Three siRNA sequences and four antisense sequences were tested: si36, si90, si1187, as351, as792, as851, and as1295 (Fig. 1) . Oligonucleotide numbers denote distance from the A of the translation start codon in eRF1 mRNA. siRNAs were obtained from Dharmacon Research as desalted and deprotected single-strand RNAs, and were annealed per manufacturer instructions in annealing buffer (100 mM potassium acetate, 30 mM HEPES-KOH at pH 7.4, 2 mM magnesium acetate) prior to transfection. Chimeric antisense oligonucleotides were obtained from Sequitur, Inc.
Transfection protocols
The day prior to transfection, cells were plated at a density of 250,000 cells/mL, with 100 µL/well in 96-well plates and 600 µL/ well in 24-well plates. For siRNA transfections, siRNAs were diluted in OptiMEM (Invitrogen) media to a final concentration of 700 nM. LipofectAMINE 2000 (Invitrogen) was diluted 1:25 in OptiMEM, and equal volumes of diluted LipofectAMINE 2000 and siRNA were combined and gently mixed by inversion. After a 10-min incubation at room temperature, a volume of DMEM containing 2 mM L-glutamine and 10% calf serum (equivalent to 2.5 times the volume of the LipofectAMINE 2000:siRNA mixture) was added. An equal volume of this transfection mixture was then added to either 96-well (100 µL) or 24-well (600 µL) wells, for a final volume of 200 µL in 96-well and 1.2 mL in 24-well wells. For antisense transfections, 20 µM stocks of oligonucleotide were diluted 1Ϻ10 in OptiMEM containing 10% calf serum, and LipofectAMINE 2000 was diluted 1Ϻ25 in OptiMEM containing 10% calf serum. Equal volumes of diluted oligonucleotide and LipofectAMINE 2000 were combined and incubated at room temperature for 10 min. Twenty-six µL of this transfection mixture were added to each well in a 96-well plate, or 156 µL to each well in a 24-well plate.
plates, or 30 µL of Lysis buffer for 96-well plates. Cell lysates were either assayed immediately or frozen on dry ice and stored at −80°C. Cell lysates were centrifuged for 2 min at 16,000 g, and 20 µL removed for luciferase assay. The remaining cell lysate was heated to 48°C for 1 h to inactivate endogenous ␤-galactosidase activity. Both ␤-galactosidase and luciferase activities were measured using a Turner Designs 20/20 luminometer. For the luciferase assay, 50 µL of luciferase buffer containing luciferin (Promega) were added to 20 µL of cell lysate and the activity measured as relative light units. For ␤-galactosidase assay, 100 µL of GalactoStar Diluent buffer containing Galacton-Star Substrate were added to 15 µL of heat-inactivated cell lysate, incubated at room temperature for 50 min, and the activity measured as relative light units.
Taqman analysis
RNA for quantitative PCR analysis was isolated from Q24 cells 24 h post-transfection using the RNeasy Kit with QIAshredder (Qiagen) as described by the manufacturer. Total RNA concentrations were assayed in triplicate in 96-well plates on a Perkin-Elmer HTS 7000 fluorescence plate reader using the RiboGreen RNA Quantitation Kit (Molecular Probes). The amount of eRF1 mRNA was measured by analyzing equivalent amounts of total RNA. Amplification primers for eRF1 mRNA quantitation were 5Ј-GAGCTAC GTTGGAAATTGTCAC-3Ј and 5Ј-ATACCTCCAATTCCACCAA ATC-3Ј (IDTDNA). A dual-labeled detection probe 5Ј-AAATCAC AAGAAGGGTCTCAGTTTGTGAAAG-3Ј contained 5Ј 6-FAM and 3Ј BHQ-1 modifications (IDTDNA). Taqman quantitation was performed on an ABI Prism 5700 using Applied Biosystems Taqman One-Step RT-PCR Master Mix Reagents (Applied Biosystems) following the manufacturer's protocol. Standard curves were used to ensure that all PCR results fell within the linear range of the assay.
Western blot
Q24 293 cells from 24-well plates were harvested 48 h post-transfection by resuspending cells in 40 µL of Galacto-Star Lysis buffer (Tropix). Cell lysates were either assayed immediately or frozen on dry ice and stored at −80°C. Cell lysates were centrifuged for 2 min at 16,000 g, and 2 µL were added to 400 µL of Bio-Rad Protein Assay (Bio-Rad) to determine total protein concentration by absorbance at 595 nm. Based on total protein concentration, sample volumes were adjusted for equivalent loading. Then, Laemmli loading buffer (Bio-Rad) containing ␤-mercaptoethanol was added, and the samples were boiled for 3 min. Samples were loaded on 7.5% polyacrylamide gel and subjected to electrophoresis. The gel was subsequently electrotransferred onto Hybond-P PVDF membrane (Amersham Pharmacia Biotech), and the membrane blocked overnight at 4°C in 1× phosphate-buffered saline (PBS) containing 3% milk, 2% Normal Goat Serum, and 0.1% Tween-20. Blots were probed with anti-eRF1 serum (a generous gift from Michel Philippe (Université de Rennes I); Tassan et al. 1993) in blocking solution at room temperature for 60 min. Blots were washed three times for 15 min in 30 mL of 1× PBS containing 0.1% Tween-20. The blot was then probed with goat anti-rabbit secondary antibody conjugated to horseradish peroxidase (Jackson Labs) at a 1:10,000 dilution in blocking solution. Incubation with antibody and subsequent washes were as before. Blots were then visualized by chemiluminescence (NEN) and exposure to x-ray film. After visualization, blots were stripped at 55°C in 62.5 mM Tris (pH 6.8), 2% SDS, 0.7% ␤-mercaptoethanol for 30 min, washed four times for 15 min in 30 mL of 1× PBS, and blocked overnight as before. Blots were then reprobed (following protocol above) with an anti-␤-tubulin monoclonal antibody (Amersham Pharmacia Biotech) at 1:10,000 dilution and goat anti-mouse secondary antibody conjugated to horseradish peroxidase (Jackson Labs) at 1:2000 dilution. X-ray films were subsequently scanned on a UMAX PowerLook III and quantified using ImageQuant 5.1 (Molecular Dynamics).
